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ABSTRACT
I. The Influence of Initial Structure on Tensile
and Creep Deformation of TD Nickel
Tensile deformation studies on as-received and recrystallized TD Nickel were
conducted over the temperature range 25-1200°C. Over the entire range, the yield
strength of the recrystallized material was greater than that of pure polycrystalline
nickel. A further yield strength increment was observed for the as-received TD
Nickel bar over the whole range of test temperatures. These results are interpreted
in terms of direct and indirect strengthening by the ThO 2 particles. High temperature
creep studies showed that as-received TD Nickel was considerably stronger than the
recrystallized material. In neither case, however, could the results be interpreted
in terms of present creep theories.
Part II. The Effect of Matrix Stacking Fault Energy
on Creep of Ni-Cr-ThO 2 Alloys
High temperature creep tests on Ni-iThO2, Ni-13. 5Cr-IThO2, ini-22. 6Cr-
IThO 2 and Ni-33.7Cr-iThO 2 alloys revealed that Cr additions significantly lowered
the steady-state creep rate, _s. This was attributed to Cr lowering the matrix
stacking fault energy, _/, and it was found that _s = _ where m = 3. i-3.3.
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HIGH TEMPERATURE DEFORMATION OF DISPERSION
STRENGTHENED NICKEL ALLOYS
by
B. A. Wilcox and A. H. Clauer
SUMMARY
This program was conducted in two parts: I. A study to determine the influence
of initial structure on the tensile (25-1200°C) and creep (650-ii00°C) deformation of
TD Nickel; and II. An investigation of the effects of stacking fault energy on the high
temperature creep (700-1100 °C) of experimental Ni-Cr-ThO 2 alloys.
Part I. The tensile and creep characteristics of as-received TD Nickel bar were
compared with those of the same material which had been cold worked 95% and recrystal-
lized at 1300°C. The higher yield strengths of recrystallized TD Nickel, compared with
pure polycrystalline nickel, were attributed to direct strengthening by the ThO 2 parti-
cles. This strength increment was best rationalized in terms of the Orowan hardening
mechanism. An additional increment in yield strength was observed for the as-received
TD Nickel bar over the entire test temperature range. This indirect strengthening due
to the ThO 2 particles arose because the particles promoted a stable, elongated, fine-
grained structure during fabrication, i.e., a high stored energy of cold work.
The recrystallized TD Nickel was much weaker in high temperature creep than
the as-received bar. Two empirical creep equations could be used to express the effects
of stress and temperature on the steady-state creep rate, @s. However, it was not
possible to explain the creep behavior of either as-received or recrystallized TD Nickel
in terms of present creep theories.
)
I)_s = A_eBC_ exp-
As -received
Creep TC Nickel bar
Parameter (From Ref. I)
Qc 190 kcal/mole
n 40, over _ range
15-20 ksi
B 2.3 x 10 -3 psi -1 , over
range 15-20 ksi
Recrystallized
TD Nickel
235 kcal/mole
119, high stresses
15, low stresses
5.4 x 10 -3 psi -l high stresses
I. 5 x 10 -3 psi -I low stresses
Part II. Additions of up to approximately 30 wt % Cr to a Ni-IThO 2 base alloy
lowered the steady-state creep rate in the same manner as do Cr additions to pure poly-
crystalline Ni. For example, at a given stress and temperature the creep rate of
Ni-33.7Cr-IThO 2 was -300 times lower than that of Ni-IThO 2. The lower creep rate
in Cr-containing alloys was attributed, to the fact that Cr lowers the stacking fault energy
of the matrix. It is probable that the rate-controlling creep process was self-diffusion
controlled, and the results were interpreted by the creep formulation of Sherby and co-
workers (2, 3).
Es n
where _/is the matrix stacking fault energy, C is a constant, _ is the appliedstress,
and E is Young's modulus at the test temperature. The chemical diffusivity D is given
by
(Qsd_
_) = _)o exp-\--R-_/
where Qsd is the activation energy for self-diffusion. This predicts that the activation
energy for creep, Qc, should be equal to Qsd"
The experimentally determined creep parameters are listed below.
Alloy
Ni -lThO 2
Ni-13.5Cr- IThO 2
Ni-22.6Cr-IThO 2
Ni-33.7Cr-IThO 2
Qc, kcal/mole n m
64 8.0 3. I - 3.3
65 6.3 3. 1 - 3.3
74 7.2 3. i - 3.3
78 6.7 3. I - 3.3
PART I.
3
THE INFLUENCE OF INITIAL STRUCTURE ON TENSILE _'_
AND CREEP DEFORMATION OF TD NICKEL
INTRODUC TION
It has been obvious for many years that dispersed second-phase particles can
strengthen metals and alloys. With the discovery of SAP, TD Nickel, and DS Nickel, it
became apparent that controlled thermomechanical processing of certain dispersion-
hardened metals produced additional strengthening, which was retained even at very
high temperatures, i.e., up to ~0.9 Tm, where T m is the absolute melting temperature
of the matrix. This excellent high temperature strength was derived from the fact that
the "worked" structure was stable. That is, the particles helped to develop and/or pin
the grain, subgrain, and dislocation structures during fabrication, such that recrystal-
lization and grain growth were inhibited or effectively eliminated. Dispersion-strength-
ened metals with these structural characteristics have been referred to by Grant and
Preston(5) as having a "high stored energy of cold work".
In order to help explain the added strengthening associated with thermomechanical
processing, it has been suggested( 6, 7) that the strengthening effects of second'phase
particles can be classified into two general categories:
CASE I. Strengthening by Direct Dislocation-Particle Interactions. Here the
strengthening is caused by particles acting as barriers to dislocation motion dur-
ing deformation, and the strength increase can usually be rationalized in terms
of dislocation theories of dispersion hardening, e.g., Orowan bowing, cross -slip,
climb, particle shearing, etc. This case is generally applicable to dispersion-
strengthened single crystals and coarse-grained polycrystals.
CASE II. Indirect Particle Strengthening Effects. Here the particles serve to
stabilize a fine grain size and/or subgrain structure produced during fabrication,
and the total structure determines the dislocation mobility and defines the strength.
This case often applies to commercial or semi-commercial dispersion-strength-
ened metals which have been thermomechanically processed such that they have a
high stored energy of cold work. In such materials it is often impossible to re-
late the strengthening to dislocation theories of dispersion hardening.
Previous studies on high temperature creep of some experimental "recrystal-
lized"** Ni-ThO Zalloys(7, 8) and TD Nickel bar( l) demonstrated these two cases. It was
suggested that the rate-controlling creep process of the "recrystallized" alloys was the
climb of edge dislocations over ThO 2 particles, an example of CASE I. However, for
TD Nickel bar, an example of CASE II, no dislocation theory of creep could explain the
experimental results. Here the chief mode of creep deformation was grain boundary
sliding, but no physical model could explain the very high activation energy for creep,
Qc = 190 kcal/mole.
*The results of the tensile deformation studies have been presented at a recent conference and are in press, see Reference (4).
**It is difficult to give a uniformly accepted definition of "recrystallization" for dispersion-hardened metals. This arises because
the recrystallized structure is not generally equiaxed as in pure metals or solid solution alloys, but retains some grain extension
in the direction of working, thus resembling a worked structure (e.g., see Figure 2). The authors choose to define recrystal-
lized dispersion-strengthened metals as those having a structure which contains undistorted annealing twins. This definition is
of course applicable only to those FCC metals which form annealing twins. By this definition as-received TD Nickel bar is not
recrystallized, whereas TD NiC (NI-20 Cr-2ThO 2) sheet is at least partially recrystallized [see Reference (9)].
4Other workers(10-15) have shown that the mechanical properties of Ni-ThO 2
alloys are sensitive to the amount and the type of thermomechanical processing; i.e.,
the state of grain, subgrain, and dislocation structure. The most extensive work to
date along these lines is by Doble, et al. (15) They examined the influence of type of
working operation and working direction on the mechanical properties and structural
stability of TD Nickel bar, and concluded:
(a) Cold swaging produced strengthening at both room and elevated
temperatures. TD Nickel specimens would not recrystallize even after
swaging reductions of up to 95%.
(b) The degree of recrystallization and attendant mechanical proper-
ties produced by cold rolling and annealing depended on the rolling direc-
tion with respect to the initial bar axis.
(c) Upset forging and torsional deformation at room temperature
lowered the elevated temperature strength in subsequent tensile tests.
In this phase of the work, the direct and indirect strengthening effects of second-
phase particles have been examined by comparing the tensile deformation behavior of
as-received TD Nickel bar with the same material which was cold rolled and recrystal-
lized. The recrystallized material is found to be an example of CASE I, where the ten-
sile deformation behavior could be rationalized in terms of a dislocation theory of dis-
persion hardening. On the other hand, the as-received TD Nickel is an example of
CASE II, where a portion of the strengthening is associated with the fact that ThO 2
particles help promote the stable, fine, elongated grain structure during fabrication,
i.e., a high stored energy of cold work. A comparison of the creep behavior of as-
received and recrystallized TD Nickel was not fruitful from the point of view of quanti-
tatively assessing the direct and indirect c_ntributions of ThO 2 particles to creep
strengthening.
EXPERIMENTAL PROCEDURES
Tensile deformation studies were made in an Instron at a strain rate of 1.67 x
10 -4 sec-1 over the temperature range 25-1200°C. At temperatures above 300°C, the
specimens were tested in vacuum. The specimen configurations used for both tensile
and creep studies were as follows:
As-received (bar): Threaded bar specimens were machined from 1/Z-inch-
diameter bar stock, and had the following dimensions: total length = 3 inches,
gage length = 1 inch, gage diameter = 0. 18 inch.
Recrystallized (sheet): Sheet tensile specimens were machined from the final
worked 0.0Z0-inch-thick sheet prior to the recrystallization anneal. The overall
length was 3-I/8 inches, with a gage length of 1 inch and a gage width of 1/4 inch.
Gripping of both tensile and creep sheet specimens was accomplished by combined
pin-loading and clamping with split serrated grips made from 1-inch-diameter
TD Nickel bar.
5Creep results on the as-received bar have been reported in Reference (i). In the
present work, the conditions for testing the recrystallized sheet were identical with
those used previously. (I) All tests were made in a vacuum of 10-5 torr under constant
(tensile) stress conditions using a lever arm similar to that described by Fullman, et
ai.(16) Creep extension was measured optically with a sensitivity of 50-100 microinches
by two sliding molybdenum strip extensometers scribed with fiducial marks, one on
each side of the specimen gage length.
The preparation techniques for electron and optical microscopy have been
described previously. (I, 17)
STRUCTURES OF THE MATERIALS
The TD Nickel used in this study was in the form of 1/2-inch-diameter bar, and
the chemical analysis for impurities is given in Table I. The as-received structure,
shown in Figure i, consists of fine, fibrous grains (-I /2diameter by 10-15 /2long)
elongated in the direction of the bar axis. This structure is stable even at very high
temperatures, e.g., annealing for 3 hours at 1300°C caused no recrystallization, grain
growth, or ThO 2 particle coarsening. (I) The material contained 2.3 vol_% ThO2, witho
a particle size range of -100-1000 A and an average particle diameter, 2rv, of 370 A.
o
The mean planar center-to-center particle spacing_ d, was calculated to be 2340 A,
from the following relation:
d2 = 8
, (1)
3. (fi/rvi z )
1
where fi = volume fraction of particles in a limited size range":" having an average par-
ticle radius, rvi. The derivation of Equation (1) is given in the Appendix to Reference
(1), and in all previous work the authors have used this formulation to calculate the
particle spacing( l, 7, 8, 9). This derivation is based on the assumption that the particles
are arranged like the lattice points on an FCC lattice. The basic relation from which
Equation (i) was derived was d 2 = 4/TrNs, where N s is the number of particles inter-
secting a unit area(18).
TABLE I. CHEMICAL ANALYSIS FOR IMPURITIES IN TD NICKEL
(Ni + 2.3 vol % THOR)(a)
Element Wt % Element Wt %
S 0. 006 Cu 0.00Z
P <0. 005 Ti <0.001
Mn 0.01 Co 0. Z
Si 0. 001 A1 0. 002
Fe 0. 003 Ca 0. 005
Mg 0. 002
(a) P and S were determined by wet chemical analysis, and all other elements by spectroscopy.
*A Zeiss Particle Size Analyzer was used to measure particle diameters from transmission electron micrographs. The Analyzer
has 48 channels each representing a particular average size. However particles of a limited size range will register on each
channel. For example, in Figure 15, particles denoted as being 160 A in diameter include all particles in the size range
-146-174/_.
. ,
(a)
FIGURE i.
(b)
REPLICA ELECTRON MICROGRAPHS OF AS-RECEIVED
TD NICKEL BAR, (a) PARALLEL TO BAR AXIS, 4800X,
(b) TRANSVERSE TO BAR AXIS, 4800X
7An alternative form is d 2 = I/Ns, (18) which leads to the following relation when
the particle size distribution is incorporated:
d2 = 27 (Z)
3Y. (fi/rvi2 )
i
When the particle data are treated using Equation (2), the calculated spacing is d =
2070 /_. This value is used in the portion of the report dealing with the Orowan stress
calculation in order to be consistent with Ashby's(19) derivation of the Orowan stress
[see Equation (5a)].
The structure of the recrystallized TD Nickel is shown in Figure 2. This struc-
ture, which consists of coarse, somewhat elongated grains and a high density of fine
annealing twins_ was produced in the following way:
(1) Two flat parallel surfaces were machined on longitudinal sections of
the I/2-inch-diameter bar.
(2) The specimen blanks were first cold rolled 43%, perpendicular to the
original bar axis. They were then rotated 90 degrees and cold rolled
parallel to the original bar axis to 0. 020-inch-thick sheets, giving a
total reduction of 95%.
(3) Specimens for tensile and creep testing were machined such that their
axes were parallel to the original bar axis and the final rolling direction.
(4) All specimens were then vacuum annealed for 3 hours at 1300 °C.
Figure 3 compares transmission electron micrographs of the as-received and recrystal-
lized materials. No evidence was found to indicate that the cold rolling caused any
ThO 2 particle deformation or fracture or any decohesion at particle-matrix interfaces.
Decohesion and resultant void formation have been reported previously for deformed
TD INiC sheet. (20, 21) Although no quantitative measurements were made, itappeared
that the average dislocation density in the recrystallized material was slightly less than
in the as-received bar.
RESULTS AND DISCUSSION
Tensile Deformation Studies
The influence of temperature on the yield and ultimate tensile strength of as-
received and recrystallized TD Nickel is illustrated in Figure 4, and all pertinent data
are listed in Table 2. Also included in Figure 4 are data from the literature showing
the yield strength of pure polycrystalline nickel, from room temperature to 1200°C. It
is seen that, over the entire temperature range_ the recrystallized TD Nickel has a
higher yield strength than pure nickel. Furthermore, there is an additional increment
in yield strength in the case of as-received TD Nickel bar. The recrystallized material
work hardened to give the same ultimate strength as the as-received TD Nickel over the
temperature range 25-300°C. However, at higher temperatures the ultimate strength
of the recrystallized material decreased more rapidly with increasing temperature.
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FIGURE 3. TRANSMISSION ELECTRON MIGROGRAPHS, (a) AS-RECEIVED
TD NICKEL BAR, (b) REGRYSTALLIZED TD NICKEL
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FIGURE 4. TEMPERATURE DEPENDENCE OF THE YIELD AND ULTIMATE
STRENGTHS OF AS-RECEIVED AND RECRYSTALLIZED
TD NICKEL
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TABLE 2. TENSILE DATA FOR AS-RECEIVED AND RECRYSTALLIZED TD NICKEL TESTED AT _ -- 1.67 x 10 -4 SEC -1
Test Temperature, Stress, psi, at Uniform Total Reduction
°C 0.2% E 2% E 8% _ UTS Elongation, % Elongation, % in Area, %
As-Received Bar
25 55, 600 62,300 66,000 66,300 8.0 20.5 90.1
125 51,500 57s 200 59, 800 60,000 6.6 19.2 91.3
250 45,500 49,800 51,300 51,300 6.6 20.3 91.0
400 39,800 41, 300 -- 41,300 2.0 13.4 91.4
600 34, 200 .... 35, 100 1.2 8.6 71.7
700 28, 100 .... 29,400 1.8 9.6 63.0
800 25, 700 .... 26,300 O. 7 5.6 40.8
1000 20, 100 .... 20,700 O. 7 2.4 18.2
1200 14, 200 .... 15,100 O. 8 1.5 3.0
Recrystallized (Sheet)
25 34, 300 45, 700 57,500 64, 800 15.2 16.2
i00 31,500 43,900 54,500 60,800 13.1 14.3
200 30, 800 42, 000 51, 500 57,200 11.4 12.2
285 26,900 37,700 44, 800 47,700 12.0 13.6
400 25, 800 32,500 35,700 38, 500 15.4 17.2
500 20, 800 25,000 27,000 29,700 14.1 15.3
600 19,900 23,900 25, 700 26,600 13.0 14.6
700 17, 500 19,900 20, 800 20, 800 5.3 7.8
800 16, 600 18, i00 18, 300 18,300 5.7 9.0
900 15, 000 .... 16, I00 O. 9 2.9
I000 13, 200 .... 14,400 i. 0 3.8
1200 I0, 600 .... i0,900 O. 7 2.0
The temperature dependence of the ductility is shown in Figure 5. The two
materials exhibit no significant difference in total elongation. The rapid decrease in
reduction in area of as-received TD Nickel bar at ~600 °C has been observed pre-
viously.(1, I1,27) The lower reduction in area values at high temperatures are asso-
ciated with a change in the fracturing process. At temperatures _600 °C, grain boundary
voids form as the tensile specimen starts to neck. (17) Fracture occurs by internal
necking and merging of the voids, which results in a lower measured (macroscopic)
ductility.
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FIGURE 5. TEMPERATURE DEPENDENCE OF THE TENSILE DUCTILITY
OF AS-RECEIVED AND RECRYSTALLIZED TD NICKEL
The dislocation structure in a deformed specimen of the recrystallized material
is shown in Figure 6. Pronounced tangling is evident, and the cell walls seem to be
anchored by the larger ThO 2 particles_ as has been shown previously by yon Heimendahl
and Thomas(13).
The yield strength data in Figure 4 can be treated to show that recrystallized TD
Nickel is an example of CASE I, whereas the as-received TD Nickel is an example of
CASE II, as defined earlier. The ultimate strength results are not considered here in
these terms because of the complicating factors of work hardening and elevated tem-
pe rature fracturing.
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In the recrystallized material, the strengthening due to ThO2 particles can be
examined by means of various theories: (a) Ansell's theory of stress-induced particle
shear or fracture (6) and (b) Ashby's reformulation of the Orowan theory of hardening
by nondeforming particle s(l 9)
In Ansell's model the shear yield strength, _, of a dispersion-strengthened alloy
containing fine, noncoherent particles is:
Gp (2r s)
T m4 K (d-2r s) (3)
where: Gp = shear modulus of the particle at the test temperature
2r s = 300 _k =_ (2rv) = average planar particle diameter
d = 2070 A = mean planar center-to-center particle spacing [from
Equation (2) ]
I4 = constant, 30 for defect-free particles.
Wygant(28) has reported shear modulus values for ThO 2 over the temperature range
30-1300°C. Using these data, the calculated values of T from Equation (3) are com-
pared in Figure 7 with the experimental shear yield stress data for recrystallized TD
Nickel. Here T (experimental) was taken as &/2, where & is the tensile yield strength
from Figure 4. Figure 7 shows that the calculated (dashed) curve predicts shear yield
stress values 3, 000-7,000 psi higher than the observed yield stress of recrystallized
TD Nickel. However, the slope of the calculated curve is in rough agreement with that
of the experimental results.
The revised Orowan model due to Ashby (19) gives the shear yield strength of a
metal containing hard particles as:
v = _r s + _-p , (4)
wher e T s is the matrix shear strength, and Vp (the Orowan stress) is the stress incre-
ment necessary to cause a dislocation to bow between particles and pinch off. Ashby's
calculation for Tp gives:
_-p(edge) = 1 Gmb_ 1 ,gn/ d-Zrs %-
(5a)
where:
_-p(SCrew) = /7__ / Tp(edge) ,
b = Burgers vector
v = Poisson's ratio
G m = Shear modulus of matrix at the test temperature""
*Susse's(29) shear modulus data for nickel, from 25-1000°C, were used for these calculations. It was necessary to extrapolate
these results in the temperature range 1000-1200°C (see Figure A-l, Appendix).
14 . .
FIGURE 6. DISLOCATION STRUCTURE IN REGRYSTALLIZED TD NICKEL,
DEFORMED TO 13% c IN TENSION AT 100°C
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FIGURE 7. COMPARISON OF EXPERIMENTAL YIELD (SHEAR) STRESS OF
REGRYSTALLIZED TD NICKEL WITH PREDICTIONS OF THE
OROWAN THEORY (SOLID CURVES)_ AND THE PARTICLE
SHEAR THEORY (DASHED CURVE)
The good agreement between T(experimental)and the calculated values of _s + _-p(edge)
is shown in Figure 7. Here Ts represents the yield strength of pure polycrystalline
nickel taken from Figure 4, and was converted to shear stress by the relation _-s = _/2.
The experimental results in Figure 7 agree better with the Orowan theory than with the
particle shearing theory. Thus, in the present case it appears more likely that the
Orowan mechanism is operative for recrystallized TD Nickel. These results are in
accord with the findings of yon Heimendahl and Thomas(13), who discussed the room
temperature yield strength of recrystallized TD Nickel in terms of the Orowan strength-
ening mechanism.
However, the yield strength of as-received TD Nickel must include an additional
(empirical) term, such that:
_- = T s + Tp + Ts e , (6)
where Tse is related to the strength increase caused by the fine stable grain and sub-
grain structure, and can be thought of phenomenologically as the "stress increment due
to the stored energy of cold work". More specifically, _'se could be strengthening
associated with the very fine grain size, a higher initial dislocation density than in the
recrystallized material or a texturing effect.
It is possible to get an approximate estimate of the grain size effect by considering
the results in Figure 8. Here the room temperature grain size dependence of the initial
flow stress of polycrystalline nickel is shown in the usual Perch-type plot, where _ in
Figure 8 is the average grain diameter. A very long extrapolation to the effective grain
size of TD Nickel bar;:" indicates an initial flow stress value of ~16, 000 psi. An exact
measure of the grain size of recrystallized TD Nickel is difficult (see Figure 2). How-
ever, a reasonable estimate would correspond to ,_-i/2 values of 0. 1 to 0.3 p-I/2.
From Figure 8 the initial flow stresses at these grain sizes would be 3000-7000 psi.
Therefore, the room temperature strength increment in as-received TD Nickel due to
the grain size effect would be 9000-13,000 psi. However, from Figure 4, it is seen
that the room temperature yield strength of as-received TD Nickel is ~21,000 psi greater
than that of the recrystallized material. Thus the grain size effect can account for only
about I/2 of Tse. As noted above, the remaining portion of Tse could be associated with
a higher dislocation density in the as-received TD Nickel or a difference in texture be-
tween as-received and recrystallized materials. However, at present, it is not possible
to discuss these effects quantitatively since the appropriate measurements have not been
made.
Creep Studies
In a previous paper(7) the authors compared the steady-state creep behavior of
TD Nickel bar with that of some experimental "recrystallized" Ni-ThO 2 alloys which
had been prepared by Sherritt Gordon Mines, Ltd. These experimental alloys were not
Sherritt Gordon's commercial DS Nickel, and they had not been thermomechanically
processed to have optimum high temperature strength. Table 3 shows that the creep
strength of TD Nickel bar was much superior to a Ni-ThO 2 alloy which had a similar
particle size and spacing, but which did not have the same fine grain and subgrain
structure.
*During tensile tests the fiber axis of the elongated grains (avg. grain dia. = 1.1 it) was parallel to the stress axis. The effective
grain size is taken as the spacing between boundaries on a plane at 45 ° to the tensile axis; i.e., _ (eft) _ 1.6 /z.
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TABLE 3. COMPARISON OF "CREEP STRENGTH" OF TD NICKEL BAR( l ) WITH
THAT OF A "PARTIALLY RECRYSTALLIZED" EXPERIMENTAL
ALLOY( 7 )
Particle Avg Particle @s
Spacing, d, A Diam., 2rv;
TD Nickel bar
(Z. 3 vol % ThO2) 2340(a) 370
Experimental partially
recrystallized Ni- ThO2
alloy (2.56 vol % ThO 2) 1760 (a) 2.19
Stress to Give
= i. 2 x I0 -7 sec-
at 900°C
20,320
12,590
(a) Here d was calculated from Equation (i).
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From these results it was concluded that TD Nickel bar exhibited an additional
(indirect) strengthening increment in creep. The present study on creep of recrystal-
lized TD Nickel was thus undertaken with the aim of obtaining a quantitative comparison
of the influence of initial structure on the steady-state creep rate. Since the particle
size and spacing were not affected by working and annealing, a direct comparison with
as-received TD Nickel bar could be obtained, with the only variables being the grain and
subgrain size and dislocation density and distribution.
The recrystallized TD Nickel was tested in creep over the stress range 9000-
18,000 psi and temperature range 650-1000°C, and the results are given in Table 4.
A typical creep curve is shown in Figure 9. As is the case for other Ni-ThO 2
alloys(l,7-9), the total creep strains were quite small (-1:3% total elongation at frac-
ture). The fractures were predominately intergranular. In several specimens which
contained small regions of unrecrystallized material, voids formed at the interface be-
tween the recrystallized and unrecrystallized areas (see Figure 10).
TABLE 4. STEADY-STATE CREEP RATE OF RECRYSTALLIZED TD NICKEL
AS A FUNCTION OF TEMPERATURE AND APPLIED STRESS
_, psi T, °C i s, sec -1 _, psi T, °C i s , sec -1
18,000 725 (a) 13,000 950 Z. 14 x 10 -7
17,300 650 1.39 x 10 -8 13,000 925 4.17 x 10-9
17,000 950 (a) iZ,000 975 9.93 x 10 -9
16,000 725 1.78 x 10 -8 12,000 960 7.50 x i0 -I0
16,000 715 2.78 x 10 -8 IZ,000 950 I.Z5 x 10-9
16,000 700 1.28 x 10-9 IZ,000 925 1.53 x i0 -I0
14,000 860 1.95 x 10 -8 Ii,000 950 6.80 x i0 -I0
14,000 8Z5 3.77 x i0-i0 9,000 i000 1.08 x 10 -9
14,000 815 2.00 x 10 -10
(a) Failed on loading; no creep curve obtained.
The temperature dependence of the steady-state creep rate at three applied stress
levels is illustrated in Figure 11, and similar results for as-received TD Nickel bar
[from Reference (1)] are shown in Figure 12 for comparison. The creep results for
the recrystallized material showed considerably more scatter than those of the as-
received bar. In Figure 11, three parallel lines were drawn, which best fit the creep
data at each of the three applied stress levels. The calculated activation energy for
creep was Qc = 235 kcal/mole, which is somewhat higher than that of the as-received
TD Nickel bar (Qc = 190 kcal/mole). These high activation energies for creep cannot,
at present, be rationalized in terms of any rate-controlling creep process. In view of
the fact that Qc for "recrystallized" experimental Ni-ThO 2 alloys was equal to the acti-
vation energy for self-diffusion in Ni(8) (64 kcal/mole), it is very surprising that such a
high activation energy for creep was obtained for the recrystallized TD Nickel. These
results are consistent, however, with the findings of Doble et al. (15) They calculated
activation energies from tensile deformation results on TD Nickel bar and recrystallized
TD Nickel, and obtained the following values:
(a) TD Nickel bar, Q = 160-??0 kcal/mole, at ~ll00°C
(b) recrystailized TD Nickel, Q = 190-330 kcal/mole, at ~ll00°C.
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FIGURE i0. RECRYSTALLIZED TD NICKEL CREPT TO FRACTURE AT
o = 12,000 PSI, T = 925°C
Note voids formed at interface between recrystallized matrix
and patches of unrecrystallizedmaterial, (a) sheet thickness,
IWi plated, 600X, (b) plane of shee_, 600X.
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The stress dependence of the steady-state creep rate, as, can be empirically
represented by @s _ eBcr or es _ an, as shown in Figures 13 and 14, respectively. In
both plots, there is a break in the curve for the recrystallized material, which indicates
a different stress dependence of the temperature-compensated creep rate at low and high
stresses. However, this apparent effect might also be caused in part by a stress-
dependent or temperature-dependent activation energy. The results in Figure 11 cover
the stress range 12,000-16,000 psi. It is possible that at lower stresses , say
a _ 11,000 psi, or at higher temperatures, say T _ 950°C, a different experimental
value of Q.c would be obtained. Other empirical formulations (52) of the stress depen-
dence of es, such as es _ K'[sinh(°_cr)]n, would probably fit the results as well as the
exponential and power laws. However, the present data were not plotted in this fashion.
It was not possible to make any extensive direct comparison of the creep proper-
ties of as-received bar with those of the recrystallized material. Since the TD Nickel
bar was so much stronger, it was impossible to select a given stress and temperature
which would allow a direct comparison to be made conveniently. For example, at 950 °C
and 17, 000 psi a specimen of as-received TD Nickel bar failed after 354 hours, whereas
a recrystallized specimen failed immediately on loading. In order to compare steady-
state creep rates it was necessary to calculate Cs from the data in Figure 13. These
values are given in Table 5 and, if taken literally, would indicate that at a given stress
and temperature the creep rates of as-received bar are ~I0 I0 - 1015 times lower than
those of recrystallized material. These figures are probably not realistic, but they do
serve to indicate that recrystallization does greatly increase the steady-state creep rate
of TD Nickel.
TABLE 5. COMPARISON OF CREEP PROPERTIES OF AS-RECEIVED AND
RECRYSTALLIZED TD NICKEL
T, °C O, psi _s, sec-i tr, hr
As -Received 950
Re c rys tallized 950
As-Received 700
Recrystallized 700
17,000 1. 96 x 10 -9 353. 6
17,000 (3. 99 x 10+6) (a) Failed on loading, no
creep curve obtained
16,000 (3. 6 x i0-19)(a) ?
16,000 1.28 x 10-9 265.9
(a) Calculated from Figure 13. These, of course, are artificial values and are probably not physically realistic.
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PART II. THE EFFECT OF MATRIX STACKING
FAULT ENERGY ON CREEP OF Ni-Cr-ThO 2 ALLOYS
INTRODUCTION
Commercial suppliers of dispersion-strengthened nickel alloys have added Cr as
an alloying element (normally ~20 wt %) in order to improve the oxidation resistance.
Another effect of Cr is to lower the stacking fault energy of Ni. (31, 3Z) Thus, it is likely
that the high temperature deformation behavior of Ni-ThO 2 alloys would be altered by
Cr additions. For example, dislocation cross-slip and climb should be more difficult
for Cr-containing alloys, and in fact several previous studies (33, 34) have shown that in
binary Ni-Cr alloys the steady-state creep rate decreases as the Cr content increases•
Thus, this part of the research program was undertaken to study how lowering the stack-
ing fault energy of Ni by controlled additions of Cr influences the high temperature creep
behavior of Ni-Cr- 1ThO x alloys.
There have been several reports in the literature that decreasing the stacking fault
energy, _/, of FCC metals and alloys causes a decrease in the high temperature steady-
state creep rate. es. This has been demonstrated for nure FCC metals(2) _-brasses (3)
Ni-Co alloys (35)', and Ni-Cr alloys (33, 34) Sherby an/co-workers (z, 3) have determined
quantitatively the magnitude of the decrease in 6 s with decreasing 7, and have treated
their results by the following equation:
es = cDrn(_/E)n 5 (7)
Here a is the applied stress, E is Young's modulus at the test temperature, C is a con-
stant, andE) is the chemical diffusivity. Since D = [)o exp-(Qsd/RT), where Qsd is the
activation energy for self-diffusion, then for Equation (7) to hold, the activation energy
for creep should equal Qsd. This was the case for pure FCC metals and c_-brasses, and
for both cases the exponents in Equation (7) were: m = 3.5 and n _ 5.
Weertman(36) has explained the influence of 7 on es by means of a dislocation
climb model. He assumed that the rate of dislocation core diffusion is much smaller in
partial dislocations (low 7) than in perfect dislocations (high _/). This leads to a lower
dislocation climb rate in low stacking fault energy alloys, which in turn results in a
lower steady-state creep rate. However, recently Birnbaum, et al. (37), presented
some experimental results which show that Weertman's assumption about relative core
diffusivities may be incorrect. Birnbaum, et al. studied self-diffusion of Ni 63 along
edge dislocations in single crystals of Ni [7 = Z40 erg/cm 2(3z)] and Ni-60Co [_/ = 30 erg/
cruZ(31)]. Over their experimental temperature range (500-600°C), they found that the
core diffusivity in Ni-60Co was faster than in pure Ni, i.e., the opposite of what Weert-
man assumed. It thus appears that further examination of the details of Weertman's
climb model may be necessary•
Z4 '
EXPERIMENTAL PROCEDURES
The methods used in creep testing the Ni-Cr-ThO 2 alloys were identical to those
described on page 5, for the TD Nickel. The materials were in sheet form, 0.020 inch
thick, and the specimen configuration was the same as that of the recrystallized TD
Nickel sheet. Metallographic procedures and thinning techniques for electron micros-
copy were identical to those reported in Reference (9). Since the creep tests were in
vacuum, it was essential to determine that the composition did not change during creep
as a result of evaporation of Cr, which has a high vapor pressure. Several chemical
analyses on crept specimens showed that, under the test conditions employed, no
significant Cr losses occurred.
STRUCTURES OF THE MATERIALS
Three Ni-Cr-I vol % ThO 2 alloys, having Cr contents of 13.5, 22.6, and 33.7
wt _; were prepared by Sherritt Gordon Mines, Ltd. in the form of 0. 020-inch-thick
"recrystallized" sheet. The fabrication treatment employed cross rolling, intermittent
anneals at 1200°C, and a final i/2-hour anneal at 1200°C. This treatment was designed
to produce similar "recrystallized" structures in each of the alloys, with no direction-
ality or' mechanical anisotropy in the final sheets. Each alloy contained ~I vol % ThO 2
o
with average particle diameters of ~150-200 A. This ThO 2 composition and particle
size were chosen so that the creep results could be compared with those from a pre-
vious study( 7, 8) on a "recrystallized" Ni-I vol % ThO 2 alloy.*
Chemical analysis results for impurity elements in the experimental alloys are
given in Table 6, and the ThO 2 particle sizes and spacings are compared in Table 7.
In Table 7 it is noted that all four alloys have reasonably similar average particle sizes
and spacings. As in previous work by the authors( 1, 7-9), the mean planar center-to-
center particle spacing, d, was calculated from Equation (I), using the size distribution
plots in Figure 15. The distributions in Figure 15 were obtained by measuring 900-1000
particle diameters per alloy from transmission electron micrographs, using a Zeiss
Particle Size Analyzer.
Since the main aim of this study was to assess the effect of stacking fault energy
on thesteady-state creep rate, it was important to assure that the initial structure of
the alloys were similar. Marked variations in grain size, substructure, and particle
size and spacing from one alloy to another could obscure the effects of _ on the creep
behavior. Therefore, a careful examination of the structures of the as-received alloys
was made using both optical microscopy and transmission electron microscopy.
The initial structures of the four alloys are compared in Figures 16-18. Figure 16
shows that in the planes of the sheets the four alloys have very similar structures (e. g.,
grain size, twin density, etc. ). In the sheet thickness direction, Figure 17, the four
alloys also appear to be similar, with the possible exception of the Ni-13.5Cr-IThO 2
alloy, which appears to be slightly less recrystallized. In Figure 17b, c, and d it is
seen that there are large dark inclusions (some appear as voids) extending to a depth
* In this phase of the report, the previous experimental creep data, structure description, particle parameters, etc., pertaining to
the Ni-1% ThO 2 alloy will be included to facilitate comparisons with the three Cr-containing alloys.
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TABLE 6. CHEMICAL ANALYSIS OF EXPERIMENTAL ALLOYS
FOR TRACE ELEMENTS
Weight Percent
Element Ni-iThO 2 Ni-13. 5Cr-iThO 2 Ni-2Z.6Cr-iThO 2 Ni-33. 7Cr-iThO 2
Ti <0. 003 0. 005 0. 01
Ca 0. 007 0. 001 0. 00Z
A1 0. 003 0. i 0° 3
Si 0. 003 0.01 0.03
Mn <0. 003 0.02 0. 02
Fe 0. 0Z 0. 1 0. 1
Mg <0. 003 <0. 003 <0. 003
Mo -- 0. 01 0.01
Sn -- O. 003 <0. 003
Co 0.04 0.3 0.3
Ga -- 0.01 <0.005
Cu 0. 002 0. 01 0. 01
Ag <0.001 <0.001 <0.001
P <0. 003 ....
S O. OOZ ....
0.05
0. 007
0.3
0. I
0.05
0. i
<0 003
0 01
<0 003
0 3
<0 005
0 01
<0 001
TABLE 7. COMPOSITIONS AND ThO 2 PARTICLE SIZES AND SPACINGS OF
EXPERIMENTAL ALLOYS
Nominal
Range of
Analysis Particle Avg Particle
Wt % Wt % Vol % Diameters, Diameter,
Alloy Cr ThO 2 ThO 2 A 2_v, A
Mean Planar
Center-to-Center
Particle Spacing( b )
d, %
Ni- 1 ThO2(a) 0 i. 12 i. 00
Ni-13. 5Cr-i ThO 2 13. 5 i. 05 0.90
Ni-22. 6Cr-l ThO 2 22. 6 i. i0 0. 93
Ni-33. 7Cr-i ThO 2 33. 7 1.20 0. 99
75-695 220 2505
75-695 162 2070
75-780 155 2165
75-810 175 2290
(a) This is Alloy "A" from the preceding year's work [see Rept. No. NASA CR 54639, August 19, 1966; and References (7)
and (8)].
(b) Calculated from Equation (1).
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FIGURE 15. PARTICLE SIZE DISTRIBUTIONS OF EXPERIMENTAL ALLOYS,
EXPRESSED AS VOLUME % OF TOTAL ThO 2 CONTENT
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(a) Ni- iThO 2 (b) Ni- 13.5Cr- iThO 2
(c) Ni-22.6Cr- iThO 2 (d) Ni-33.7Cr- iThO 2
FIGURE 16. OPTICAL MICROGRAPHS OF AS-RECEIVED ALLOYS;
SHEET SURFACE, 100X
Z8
(a) Ni-IThO 2 (b) Ni- 13.5Cr- iThO 2
(c) Ni-22.6Cr- iThO 2 (el) Ni-33.7Cr-iThO 2
FIGURE 17. OPTICAL MICROGRAPHS OF AS-RECEIVED ALLOYS;
SHEET THICKNESS-NICKEL PLATED, 100X
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(a) Ni-IThO 2 (b) Ni-iB.SCr-iThO 2
(c) Ni-22.6Cr- iThO 2 (d) Ni-33.7Cr- iThO 2
FIGURE 18. TYPICAL TRANSMISSION ELECTRON MICROGRAPHS SHOWING THE
AS-RECEIVED STRUCTURE OF THE EXPERIMENTAL ALLOYS
3O
of ~0. 001 inch from the surface. These are probably Cr20 3 particles which became
embedded during fabrication, and they are most prevalent in the 22.6°70 Cr and 33. 7070 Cr
alloys. These inclusions were eliminated from the creep specimens by grinding 0. 001-
0. 0015 inch from each surface of the three Cr-containing alloys.
The typical transmission electron micrographs in Figure 18 reveal that the four
alloys have similar particle distributions and dislocation substructures. In each alloy
the ThO 2 particles are quite uniformly dispersed and there is very little tendency for
agglomeration. A dislocation substructure composed of regular networks is observed in
many areas (see Figure 18a and b). Individual dislocations within the subgrains are
strongly pinned by the ThO 2 particles, as noted in Figures 18c and d.
Based on the microstructural studies (Figures 16-18) and the comparable ThO 2
particle sizes and spacings (Table 7), it is concluded that the four alloys have the desired
degree of initial structural uniformity.
RESULTS AND DISCUSSION
The Dependence of Steady-State Creep Rate on
Temperature and Applied Stress
All creep data for the four alloys are listed in Table 8, and typical creep curves
are illustrated in Figure 19 for the Ni-33.7Cr-iThO 2 alloy tested at 925°C. These
curves are similar in form to those of the other three alloys. In each case the total
elongation at fracture was ~I to 307o, and the fracture mode was predominately inter-
granular, as seen in Figure 20. Fracture occurred by the growth and eventual merging
of those grain boundary cracks nearly normal to the stress axis.
Crept specimens of the experimental alloys were examined by transmission elec-
tron microscopy to determine how creep deformation influenced the dislocation structure.
In many cases the general structural characteristics were essentially identical to those
ofuncrept specimens, although the creep deformation increased the dislocation density
somewhat (e.g., compare Figure 21a with Figure 18c). In the alloy containing 33.7% Cr,
the deformed structure often contained dislocations on a slip-band (see arrow at A in
Figure 21b). This feature was observed only once in uncrept specimens. As in previous
creep studies on "recrystallized" Ni-ThO 2 alloys( 7, 8), there were dislocation-particle
configurations which suggested that the ThO 2 particles were bypassed by climb, leaving
"climb-jogs" on the dislocations. An example of this is shown in Figure 21b, point B,
where the arrows point to the jogged dislocation and the particle that was bypassed.
The temperature dependence of the steady-state creep rate follows the usual
Arrhenius relation for each of the four alloys (Figure 22), and the activation energies
for creep are: Ni-IThO2, Qc = 64 kcal/mole; Ni-13.SCr-iThO2, Qc = 65 kcal/mole;
Ni-22.6Cr-IThO2, Qc = 74 kcal/mole; Ni-33 7Cr-IThO2, Qc = 78 kcal/mole. The
activation energy for self-diffusion in Ni is 62-69 kcal/mole (40 ), and thus it is likely
that creep of the Ni-IThO 2 alloy is controlled by self-diffusion in the matrix. In fact it
was suggested( 7, 8) that the rate-controlling creep process for this alloy and other
"recrystallized" Ni-ThO 2 alloys was the climb of edge dislocations over ThO 2 particles.
31
TABLE 8. STEADY-STATE CREEP RATE OF Ni-Cr-1ThO 2
ALLOYS AS A FUNCTION OF TEMPERATURE
AND APPLIED STRESS
_, psi T, °C _s' sec-i _, psi T, °C _s, sec-I
Ni- 1ThO 2
7000 700 2. 17 x I0 -7(a) 8000 900 6. 55 x i0 -7
6000 725 2. 17 x I0 -7(a) 8000 850 i. 34 x l0 -7
5000 775 2.20 x i0 -7(a) 8000 825 6.53 x 10 -8
4000 875 7. 12 x i0 -7(a) 8000 815 5.70 x 10 -8
4000 850 3. 38 x I0 -7(a) 6500 900 2.86 x 10 -7
4000 825 2. 33 x i0-7(a) 5000 925 4. 00 x 10 -8
4000 800 1.00 x 10 -7(a) 3500 1050 7. 12 x 10 -8
3500 1050 1.47 x 10 -5 1965 ii00 5.25 x 10 -9
2000 950 1.97 x I0 -8(a) 1670 ll00 1.09 x 10 -9
1850 II00 1.05 x 10 -7 Ni-33.7Cr-iThO 2
1565 II00 2. 90 x 10 -8 8000 900 i. 07 x 10 -7
Ni-13.5Cr-iThO 2 8000 875 7. 13 x 10 -8
7000 875 3.46 x 10 -7 8000 850 2.21 x 10 -8
7000 850 1.97 x 10 -7 8000 800 4.42 x 10 -9
7000 825 i. 14 x 10 -7 7000 925 1.8Z x 10 -7
7000 800 4.50x 10 -8 6000 925 3.25 x 10 -8
6000 800 9.50 x 10 -9 4000 1025 6.40 x 10 -8
3500 1050 1.5! x 10 -7 3500 1050 4. 36 x 10 -8
3000 I000 5.22 x 10 -8 2000 ii00 i. 89 x 10 -9
1930 Ii00 2. 53 x 10 -8 1965 if00 2.01 x 10 -8
1640 II00 8.77 x 10 -9 1700 Ii00 6.27 x l0 "10
Ni-22. 6Cr- IThO 2
(a) These tests on the Ni-lThO 2 alloy were reported previously [see Rept. No. NASA CR 54639,
August 19, 1966, and Reference (8)].
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FIGURE 19. TYPICAL CREEP CURVES FOR THE EXPERIMENTAL
Ni-Cr- iThO 2 ALLOYS
FIGURE 20. GRAIN BOUNDARY
CRACKS NEAR FRACTURE IN A
Ni-33.7Cr- IThO 2 SPECIMEN CREPT
AT 8000 PSI AND 800°C; PLANE OF
SHEET, 600X
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(a) (b)
FIGURE 21. TYPICAL TRANSMISSION ELECTRON MICROGRAPHS
OF CREPT SPECIMENS
(a) Ni-22.6Cr-iThO2; c_ = 8000 psi_
3.0% total elongation.
(b) Ni-33.7Cr-iThO2; @ = 8000 psi,
2.4% total elongation.
T = 825°C,
T = 850°C,
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FIGURE 22. TEMPERATURE DEPENDENCE OF THE
STEADY-STATE CREEP RATE
There are no chemical self-diffusion activation energy data in the literature for
Ni-Cr alloys. Thus a direct comparison between Qc and Qsd in the Cr-containing alloys
is not possible. However, activation energies for intrinsic diffusion':' of Ni and Cr in
Ni-Cr alloys are available(38,39) and these are plotted as a function of Cr content in
Figure 23. Here it is seen that the intrinsic diffusion activation energies are relatively
insensitive to composition, perhaps increasing slightly with increasing Cr content.
Also plotted in Figure 23 are creep activation energies as a function of Cr content for
the Ni-Cr-IThO 2 alloys studied in this work and for binary Ni-Cr alloys( 33, 34). Here
it is noted that Qc increases from ~63-66 kcal/mole for 0% Cr to ~75-82 kcal/mole for
alloys containing 30% Cr. The absolute values of Qc and the increase in Qc with % Cr
are similar for the Ni-Cr-iThO 2 alloys and the binary Ni-Cr alloys, which suggests
that the presence of I% ThO 2 does not change the rate-controlling creep process.
It is assumed that the creep activation energies represent the chemical self-
diffusion activation energies in the respective alloys. This assumption is necessary, as
will be seen later, if the effect of stacking fault energy on creep is to be quantitatively
assessed using Equation (7). Equating Qc to Qsd for the Ni-Cr system is not unreason-
able, even though Qc increases with % Cr more rapidly than do activation energies for
intrinsic diffusion (Figure 23). Chemical self-diffusion and intrinsic diffusion activation
energies in binary alloys do not always follow the same trend with composition(46).
The stress dependence of the temperature compensated creep rate is plotted in
Figure 24 for each of the four alloys. For reasons explained in the Appendix, the stress
*The terms "chemical diffusion" and "intrinsic diffusion" are discussed in the Appendix. Some authors(46) prefer the term
"interdiffusion" to "chemical diffusion".
35
8O
_6
g
c_
75
___
,_ x
E
-- _ 70
Sz
"_ 65
.__
I
60 30 35
85
I I I I I
Ni Diffusion
D Monma et el (38)
0 Davin et al (39)
-- A Smithells (40)
Cr Diffusion
• Monma et el (38)
X_X_x_X_'_( a ) 'nt rinsic D if fusion
I I I I I
O 5 I0 15 20 25
Wt. % Cr
8o
d
_ 75
5
_ 7o
hA
g
>
_ 65,
I I I I I I
Ni - Cr AIIoys .,,,t'_ X
[] Dennison et al (33) _ \ \ \
• Monma et al (34) ..,.,_\ \ \ \ '
_ I Dennison and Wilshire (41) _ \ \ \ \ \
A Weertman and Shahinian (42) _ _ X _ _
Ni--Cr- I% Th02 Alloys _ X X _ X X X XO_
6 I I I I I I
0 5 I0 15 20 25 30 35
Wt. % Cr
FIGURE 23. ACTIVATION ENERGIES FOR CREEP AND INTRINSIC DIFFUSION IN
Ni-Cr AND Ni-Cr-iThO 2 ALLOYS AS A FUNCTION OF COMPOSITION
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is plotted as ((Y/E), where E is Young's modulus of a given alloy at the test temperature.
From Figure 24 it is concluded that the activation energies for creep are stress inde-
pendent over the range of stresses investigated. The stress dependence of the steady-
state creep rate is of the form @s _ (J/E)n, where n = 6.3-8.0, or n(avg) _7. These
values of the stress exponent are somewhat higher than those observed in creep of binary
Ni-Cr alloys by Monma, et al. (34) (n = 4.6-5.0). However, Dennison, et ai.(33) found
stress exponents of ~7 for creep of Ni-Cr alloys at 600°C. In this work, and in ThO 2-
free Ni-Cr alloys(33,34) there was no systematic variation of the stress exponent with
Cr content. The experimental creep results of the Ni-Cr-IThO 2 alloys can thus be
represented by the relation:
es = C'(_/E) n exp-(Qc/RT) (8)
It will be shown in the next section that the constant, C _, contains the term _rn, where
_/is the stacking fault energy.
The Influence of Stacking Fault Energy
on. Steady-State Creep
At a given temperature and stress, increasing the Cr content in Ni-Cr-iThO 2 and
iNi-Cr alloys greatly decreases the creep rate. This is shown in Figure 25 where Cs is
plotted versus wt _0 Cr for the alloys studied in this investigation and for binary iNi-Cr
alloys studied by Monma, et ai.(34) The decrease in es with increasing % Cr is not as
rapid for Ni-Cr as for Ni-Cr-iThO2, but the general trend is the same, This is taken
as further evidence that the presence of i% ThO 2 does not change the rate-controlling
creep process.
Figure 25 shows that for a given Cr composition, the ThO2-containing alloys have
creep rates ~10 Z times lower than binary Ni-Cr alloys, and this difference is somewhat
larger at higher Cr contents. It appears, therefore, that the direct and indirect
strengthening effects of ThO 2 in pure Ni are retained in the presence of Cr additions.
Further creep strength improvement would be expected if the alloys had contained higher
ThO 2 contents (say 2-3 vol _/0),and if optimum thermomechanical processing had been
used to promote a stable, somewhat elongated, less recrystallized structure. This
aspect will be discussed further in the next section.
It is reasonable to conclude that the decrease in steady-state creep rate with in-
creasing °_0Cr is associated with a lowering of the stacking fault energy of the matrix.
In order to quantitatively determine the effect of _ on @s according to Equation (7), creep
tests at constant (_/E) were conducted at ll00°C for each of the four alloys. It was
necessary to restrict these tests to ll00°C, since only at this temperature was it pos-
sible to calculate the chemical diffusivity, D, of each of the four alloys. D was calcu-
lated from Darken's equation( 44, 45) using the intrinsic diffusivity data of Monma, et
al. (38) and activity data reported by Hultgren, et al. (43) Details are given in the
Appendix. Stacking fault energies of the matrix were taken from Figure A-3 (Appendix),
and the relevant Young's Modulus values were obtained from data in the literature( 48, 49)
and are plotted in Figures A-I and A-2 (Appendix).
The pertinent diffusivity and stacking fault energy data are listed in Table 9
together with the steady-state creep rates determined at ll00°C for two values of o/E.
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FIGURE 25. THE INFLUENCE OF Cr ON THE STEADY-STATE CREEP RATE OF
Ni-Cr-IThO 2 AND Ni-Cr ALLOYS AT CONSTANT T AND
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TABLE 9. DATA USED TO DETERMINE THE DEPENDENCE OF STEADY-STATE
CREEP RATE ON STACKING FAULT ENERGY
Room Temperature Matrix D at ll00°c(b), a/E(ll00°C) = 8.90 x 10 -5 a/E(ll00°C) = 7.57 x 10 -5
As Alloy y, erg/cm2(a) cm2/sec _ s, sec-1 Cs/D, cm-2 Cs, see -1 C s/D, cm -2
Ni-lThO 2 240 2.9 x 10-11 1.05 x 10-7 3.62 x 103 2.90 x 10-8 1.00 x 103
Ni-13.5Cr-lThO 2 140 5.6 x 10-11 2.53 x 10 "8 4.52 x 102 8.77 x 10-9 1.57 x 102
Ni-22.6Cr-lThO 2 80 5.2 x 10-11 5.25 x 10-9 1.01 x 102 1.09 x 10 .9 2.10 x 101
Ni-33.7Cr-IThO 2 60 3.8 x I0-II I. 89 x I0-9 4.97 x i01 6.27 x i0-I0 I. 65 x i01
(a) Determined from data of Beeston and France(32) and KSster, et al. (31); see Appendix , Figure A-3.
(b) Calculated from intrinsic diffusivity data of Monma, et al. (38), and activity data reported by Hultgren, et al. (43);
see Appendix.
The results are plotted in Figure 26 as log(@s/I)) versus log 3". From Figure 26, it is
apparent that d s _ %_-n, with m = 3. 1-3.3. These values of the' stacking fault energy
exponent agree closely with the value of m'= 3.5, determined by Sherby and co-
workers(2, 3) for pure FCC metals and co-brasses. Equations (7) and (8) can now be
written as:
_s = C" 3,re(a/E) n exp-(Qc/RT) , (9)
where Qc = Qsd. The creep parameters are summarized in Table I0.
A fundamental interpretation of the effects of 3' on the steady-state creep rate is
not straightforward. Based on these results and those of previous studies(2,3), it is
probable that the creep process is self-diffusion controlled. Furthermore, it is rea-
sonable to adopt a dislocation-climb process as being rate-controlling. For example,
previous experimental evidence( 7, 8) on recrystallized Ni-ThO 2 alloys (including the
Ni-lThO 2 alloy discussed here) pointed strongly toward climb of edge dislocations as
being the rate-determining creep process.
However, it is not exactly clear how the dislocation width influences the climb
process. Weertman (36) assumed that core diffusion down perfect dislocations (high 3")
was more rapid than down widely split dislocations (low 3"). This predicted a lower
dislocation ciimb rate with decreasing 3", which in turn would result in a slower creep
rate. As noted earlier_ the dislocation core diffusion measurements of Birnbaum, et
a1.(37) indicate that Weertman's originai assumption may be incorrect. This does not
mean, however, that the final predictions of Weertman's theory are wrong, i.e., the
average climb rate may decrease with decreasing 3".
One way of approaching this problem, which might lead to a formulation that pre-
dicts a decreased climb rate with decreasing 3", is as follows. As the width of a dislo-
cation increases, it is more difficult to form jogs on the dislocation, and the average
jog density per dislocation line would be lower for lower 3"alloys. If the vacancies
associated with the process of dislocation climb are created or destroyed at jogs (36),
then the lower jog density would lower the average climb rate.
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FIGURE 26. LOG-LOG PLOT OF DIFFUSIVITY COMPENSATED STEADY-STATE
CREEP RATE AS A FUNCTION OF STACKING FAULT ENERGY
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TABLE 10. SUMMARY OF CREEP PARAMETERS FOR Ni-Cr-iThO 2 ALLOYS
Alloy Qc, kcal/mole n m
Ni- 1ThOz
Ni- 13. 5Cr- 1ThO Z
Ni-ZZ. 6Cr- 1ThO Z
Ni-33.7Cr- iThO 2
64 8.0 3.1-3.3
65 6.3 3. i-3.3
74 7.Z 3. I-3. 3
78 6.7 3. i-3. 3
More specifically, consider that dislocations are impeded during creep by
obstacles such as ThO Z particles. A dislocation intersecting an array of particles will
bow between the particles and might bypass the particles by climb, cross -slip, Orowan-
bowing, shearing the particles, etc. Suppose that the bypass mechanism is climb over
the particles. The dislocation is constricted over a short length where it is pressed
against the particle (1) which would in turn cause a local increase in the jog density.
The constricted segment pinned at the particle then would climb at a higher rate than
the rest of the dislocation line until eventually the particle was bypassed. The wider
the dislocation is split (i.e., the lower the stacking fault energy) the more difficult it
is to constrict. It would thus be easier for a narrow dislocation to accomplish the climb
event than for a widely split one. This concept, as yet, has not been sufficiently exam-
ined to allow formulation of a climb model incorporating the effects of stacking fault
energy on the dislocation climb rate.
Comparison of Creep Behavior of the Experimental Ni-22.6Cr-iThO 2 Alloy
With a Commercial iNi-ZOCr-ZThO 2 Alloy (TD INiC) and a Binary Ni-Z2Cr Alloy
In a previous communication(9), the authors presented results on the high temper-
ature creep behavior of TD iNiC sheet. This material contained 21.3 wt % Cr and 2.2
vol % ThO 2. The average ThO 2 particle diameter was 145 A and the mean planar center-
to-center particle spacing was calculated to be 1320 A from Equation (1). Most of the
creep tests were performed in air, but several vacuum tests were made for comparison
purposes. Also specimens were tested such that their axes were either parallel or
transverse to the primary sheet rolling direction.
It is instructive to compare the steady-state creep rate of TD l_iC sheet at a given
temperature and stress with those of the Ni-22.6Cr-lThO 2 alloy studied in this work
and a Ni-22Cr alloy tested by Monma, et al. (34) This comparison is made in Table ii,
where it is seen that the TD NiC sheet has the lowest creep rate, and the binary Ni-
22Cr alloy has the highest value of Cs. The very high Cs value calculated for the Ni-
22Cr alloy is artificial and indicates that this alloy would fail on loading at this stress
and temperature. It is evident, however, that the presence of ThO 2 particles drasti-
cally lowers the steady-state creep rate, the effect being magnified the higher the ThO 2
content. It should be obvious from previous discussions_ that the creep strengthening
influence of ThO 2 particles is twofold: (1) direct strength improvement due to particles
blocking dislocation motion during creep and (2) indirect strengthening arising from the
2 • :¸
fact that the particles serve to stabilize a fine grain and subgrain structure during
fabrication. In fact the thermomechanical processing used to make TD NiC sheet is
purposely designed to take advantage of this indirect strengthening concept.
TABLE 11. A COMPARISON OF THE CREEP RATE OF TD NiC SHEET, Ni-22.6Cr-lThO 2
AND Ni-22Cr at T = 927°C and o- = 14, 000 psi
ThO 2 Particle Parameters
Alloy Avg Diam., 2r v, A Spacing, d, A Structure C s, sec-1 Reference
Ni-22Cr .... Recrystallized, 5.03 x 102(a) (34)
g.s. =0.5 mm
Ni-22.6Cr-0.93 vol % ThO 2
Ni-21.3Cr-2.2 vol % ThO 2
(TD NiC)
155 2165 "Recrystallized" 1.01 x 10-4(b) (This work)
See Figure 16-18
145 1320 Partially recry- 1.89 x 10 -8(c) (9)
stallized, grains
somewhat elon-
gated in rolling
direction
(a) Calculated from Reference (34).
(b) Calculated from Figure 24.
(c) Experimental data, for a vacuum creep test, where the specimen axis was parallel to the primary sheet rolling direction.
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APPENDIX
PERTINENT DATA AND CALCULATIONS CONCERNING CHEMICAL
DIFFUSIVITIES, ELASTIC MODULI_ AND STACKING FAULT ENERGIES
Chemical Diffusivity
The equation used to treat the creep data of the Ni-Cr-lThOz. alloys is:
C s = C7 m (_/E) n _) , (A-i)
where es = steady-state creep rate, C = constant, _/ = stacking fault energy of the matrix,
= applied stress, E = Young's modulus of a particular alloy at the test temperature,
and D = the matrix chemical self-diffusivity of a given alloy at the test temperature. In
order to examine accurately only the influence of _/ on @s it is necessary to make the
modulus correction(2') and to know the chemical self-diffusivity, K), of the various alloys
at the test temperatures. The stacking fault energy exponent, m, can then be deter-
mined by plotting log (@s/ID) versus log 7_ for constant values of o/E.
If the rate controlling creep process (e. g.,
trolled, then the activation energy for creep, Qc,
self-diffusion, Qsd, since I) = _)o exp-(Qsd/RT).
dislocation climb) is self-diffusion con-
should equal the activation energy for
The term "chemical diffusivity" can be thought of as a measure of how fast vacan-
cies move in a binary alloy (such as Ni-Cr)_ and it is related to the mobility of both
diffusing species in that alloy. I_ is usually determined by a Boltzmann-Matano analysis
of diffusion couples. An extensive review of the literature revealed that no chemical dif-
fusivity data existed for the Ni-Cr system. However, it is possible to calculate _) for
binary alloys provided the appropriate thermodynamic data are available. This can be
done using Darken's equation( 44, 45):
ID = DINZ.* + D_N] i + d_n N I
(A-2.)
.,.Here D and D_ are the intrinsic diffusivities of components l and 2.in a given binary
alloy (determined by radioactive tracer experiments), N 1 and NZ. are the mole fractions,
and _/i is the activity coefficient of component I.
In the Ni-Cr system the only available activity coefficient data are at T = II00°C
[reported by Hultgren, et al. (43)] . Using this information and the intrinsic diffusivity
data of Monma, et ai.(38), the D (II00°C) values for each experimentalalloywere calcu-
lated and are listed in Table A-I. It is noted that a maximum value of D is found for the
alloy containing 13. 50 Cr. This behavior has also been experimentally observed in the
Au-Ni system at the Ni-rich end(46).
Since the chemical diffusivities could be calculated at only 1100°C, it was neces-
sary to perform creep experiments for each alloy at that temperature in order to
evaluate the stacking fault energy exponent, m.
TABLE A-1.
A-2
RESULTS OF CHEMICAL DIFFUSIVITY CALCULATIONS FOR
Ni-Cr ALLOYS AT ll00°C, USING DARKEN'S RELATION
Alloy( a)
Intrinsic Diffusivities(38) Calculated Chemical
D_i , cm21sec D_r , cm21sec Diffusivity, D, cm 21sec
Ni
Ni-13. 5 wt% Cr
Ni-22.6 wt% Cr
Ni-33. 7 wt% Cr
2.9 x i0 -II
2.6 x I0 -II
2. 1 x i0 -II
1.95 x i0 -II
3.4x i0 -ll
3.2 x i0 -II
3.0 x i0 -II
2. 9 x i0 -II
5.6 x i0 -II
5. 2 x I0 -II
3. 8 x i0 -II
(a) In these calculations it was considered that the presence of 1% ThO2 was negligible, and that the _9 values for binary Ni-Cr
alloys were appropriate to the respective ThO 2-containing Ni-Cr alloys.
Elastic Moduli
When plotting creep data for a given pure metal or alloy it is often not necessary
to correct the stress term for the elastic modulus, which is temperature dependent.
That is, the expression @s _ °nw°uld give about the same exponent, n, as the relation
_s _ (o/E) n. This happens because the range of test temperatures is frequently small
enough so that there is not a significant variation in E over that temperature range. How-
ever, when the stress dependence of _s for various pure metals and alloys are compared,
it is more appropriate to normalize the stress term by expressing it as (j/E).(Z, 47)
This convention is particularly necessary if alloys are being compared to assess the in-
fluence of stacking fault energy on es"
Thus, the present creep results on Ni-Cr-iThO 2 alloys were treated in this man-
ner. In each case the isotropic, polycrystalline, unrelaxed elastic modulus was used.
Figure A-1 is a plot of Young's modulus versus temperature for pure Ni(48) and two
alloys: Ni-9.4 wt % Cr and Ni-Z1.4 wt % Cr.(49) The temperature dependence of the
shear modulus of Ni is also included in Figure A-I. At ~700-800°C, the dynamic elas-
tic moduli drop sharply with increasing temperature because of processes such as grain
boundary relaxation. Thus_ to obtain high temperature unrelaxed modulus values, the
extrapolated dashed lines were used. In Figure A-Z the unrelaxed Young's modulus at
II00°C is plotted as a function of Cr content. This curve was used to determine E
(II00°C) for the four experimental alloys.
Stacking Fault Energies
As Cr is added to Ni there is a marked decrease in the room temperature stacking
fault energy, _/. In order to correlate high temperature creep data with room tempera-
ture stacking fault energy, it is necessary (and customary) to assume that 7 is relatively
temperature independent. The most complete data in the Ni-Cr system is that due to
Beeston and France (3Z) who used the rolling texture method of stacking fault energy
measurement(50). However, it is noted in Figure A-3 that an independent measurement
at 30% Cr by Koster, et al.(31) agrees well with the data of Beeston and France.
Koster, et al. used transmission electron microscopy to measure radii of curvature of
A-3
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extended dislocation nodes, and they calculated 7 by the method due to Whelan(51). The
matrix stacking fault energies used in this work were determined from Figure A-3, and
are: Ni-IThO2, 7 = 240 erg/cm2; Ni-13. 5Cr-IThOz, 7 = 140 erg/cm2; Ni-22. 6Cr-
iThO2, 7 = 80 erg/cm2; and Ni-33.7Cr-IThO2, 7 = 60 erg/cm 2. It is reasonable to
assume that I% of ThO 2 particles does not affect the matrix stacking fault energy.
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